show a nonthermal distribution of energy after the excitation.
Introduction
Most polyatomic molecules with a strong vibrational absorption band can absorb many (10 to 40) infrared photons when irradiated with an intense resonant infrared laser pulse. At high excitation many dissociate without interacting with other molecules. The early work in this field was motivated by the hope of driving chemical reactions in either a bond-specific or isotopically selective fashion. This could be achieved if some of the initial energy deposition were 'localized' in a small subset of modes. In the past decade much work [2] [3] [4] [5] [6] [7] has been directed toward gaining a better understanding of the infrared multiphoton excitation and dissociation of polyatomic molecules and the intramolecular dynamics of highly vibrationally excited molecules in general.
Many experimental techniques have been applied to study infrared multiphoton excitation. Photoacoustic measurements were applied to (2) and an anti-Stokes signal (3) . determine the energy absorbed by the molecules, 8 and to study the excitation as a function of various parameters, such as pumping fluence, intensity, and wavelength, pressure, etc. Photoacoustic spectroscopy was also used at high intensities to study dissociation yields as a function of absorbed energy. More detailed information on infrared multiphoton dissociation, such as the species of the dissociation fragments, branching ratios of different dissociation channels, and the translational energy distribution of the fragments, was obtained by mass and time-of-flight spectrometry. 9 Pump-and-probe experiments have also provided more detailed knowledge of the infrared multiphoton excitation and dissociation. For example, laser induced fluorescence 1'11 was used to measure the vibrational energy distribution of the infrared multiphoton dissociation fragments. Infrared doubleresonance experiments 12-a4 were done to determine the rotational relaxation rate and the population depletion of the vibrational ground state. Spontaneous and coherent anti-Stokes Raman scattering were used to probe the distribution of vibrational energy over the different modes of infrared multiphoton excited molecules, a5-2 In this paper we report on results obtained by time-resolved spontaneous Raman spectroscopy. The principle of the experiments, which were pioneered in the Soviet Union, [15] [16] [17] [18] [19] [20] is illustrated in Fig. 1 . First, the molecules are pumped into the high vibrational excitation region by a short, intense CO2 laser pulse resonant with a vibrational mode. Then the Raman signals from the different Raman active modes accessible to the apparatus are measured with a second, ultraviolet laser pulse. While unexcited molecules show only a Stokes signal (Fig. 1, 1 ), highly excited ones show both a shifted Stokes signal ( Fig. 1, 2 ) as well as an anti-Stokes (Fig. 1, 3) signal. Since the total, spectrally integrated signal from a Raman active mode is a measure of the amount of energy in the mode (see discussion), the intramolecular vibrational energy distribution after the excitation can be determined by comparing the Raman signals from different modes. Timeresolved information is obtained by varying the time delay between pump and probe.
Experimental
The experimental procedure is described in detail in previous publications.22, 23 Briefly, molecules contained within a low pressure gas cell are excited by an infrared laser pulse and probed by an ultraviolet laser pulse. To isolate intramolecular from (collisional) intermolecular effects, the signals are measured at pressures low enough to ensure that no significant collisional relaxation of vibrational energy occurs on the time scale of the experiment.
A schematic view of the setup is shown in Fig. 2 limited by the 100 ns trigger jitter of the lasers. To obtain time-resolved data on a shorter time scale, the actual time delay between infrared and ultraviolet pulses is measured for each pair of laser pulses with two fast detectors and a time-to-pulse-height converter. The time resolution of the setup is thus determined by the duration of the laser pulses.
At high pumping intensity a fraction of the molecules dissociates, and the probe laser can induce a fluorescence from the dissociation fragments. This laser induced fluorescence is much more intense than the spontaneous Raman scattering. One can discriminate between fluorescence and Raman scattering either spectrally or temporally. The fluorescence generally has a broad continuous spectrum and a long decay, while the spectrally discrete Raman signals coincide with the 20ns probe pulse. Since Apart from a red shift of about 3 cm -1 from the center of the one photon absorption band, the absorption spectrum is not much different from the one at low excitation. Figure 7 shows the time dependence of the Raman signal intensities for SF6 at 400 Pa for two infrared pulse durations, 0.5 ns and 15 ns. The vertical axis shows the relative intensity, Irel, obtained by normalizing the anti-Stokes signal after excitation with the room temperature equilibrium Stokes signal. The horizontal axis shows the time delay between pump and probe pulses. For negative time delay the molecules are probed before the infrared multiphoton excitation (i.e. at room temperature equilibrium) and only a Stokes signal, which serves as calibration for the intensity scale, is detectable. The rise time of the signals reflects the 30 ns instrumental time resolution, which in turn is determined by the temporal width of the laser pulses. Within the 30 ns time resolution a collisionless (see discussion) increase of both Stokes and anti-Stokes signals is observed. The signal remains constant up to 800ns after the infrared excitation. The signals revert to their original values only after a much longer time (10/.ts) because of a combination of collisional relaxation and diffusion of the excited molecules out of the excitation region. 22 A different behavior is observed for the other two molecules that exhibit changes in Raman spectrum. Figure 8 shows the time dependence of the three accessible Raman active modes of CF2C12 for infrared excitation with 15 ns pulses. Each of the anti-Stokes signals is normalized with its corresponding Stokes signal at room temperature. Just as for SF6, anti-Stokes signals appear for all three modes after excitation at t =0, but the signals decay much more rapidly, and although the time dependences are similar for the various modes, the maximum relative intensifies differ. As can be seen in Fig. 9 , a similar behavior is observed for CH3CHF2. The normalized anti-Stokes signals of CF2C12 were also studied in the presence of N2 buffer gas. Figure 12 shows the intensity ratio of the antiStokes signals with and without buffer gas. Each of the anti-Stokes signals rapidly decreases with increasing buffer gas pressure, while at the same time the differences between them become smaller. No data are available for the anti-Stokes signal at 923 em -at 26 kPa buffer gas pressure. Since the Rarnan cross-section of the 923 em -1 Raman transition is much smaller than that of the other two modes, this peak falls below the noise level at high buffer gas pressure. Figure 13 shows the spectrum of the laser induced fluorescence from the infrared multiphoton dissociated CF2C12 at three different fluenees ranging from 4 to 6 x 104 J/m2. The 
Discussion
The results in the previous sections show that infrared multiphoton excitation induces significant changes in the Raman signal intensities of the molecules. In this section we will analyze these changes and interpret the results in terms of a simple picture. This will allow us to obtain information on the distribution of energy among the various modes of the rnultiphoton excited molecules.
In the approximation that the vibrational mode is harmonic it can readily be shown that the transition probabilities W of the Raman transitions depend on the vibrational quantum number n. For Stokes and anti-Stokes transitions, respectively, one has 22 Wn.n+l"-n+l, and Wn_.)n_l" I.
(I)
The total intensity of the spontaneous Stokes and anti-Stokes Raman signals (summed over all vibrational levels of the vibrational mode considered), I S and/aS respectively, are given by 112.
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IS E P(n) Wn.-,n+l 1 + E P(n) n tl--'--O (2) /aS E P(n) Wn..,n_ E P(n) n, 1--" O (3) with P(n) the population of level n. Substituting the average energy in the mode per molecule, E R hv R P(n)n, with VR the frequency of the Raman active mode, one finds Is~1 + E__.R, hVR (3/ IaS E-'B-R (4) hvR Note that the result obtained does not depend on the energy distribution P(n), but only on the average energy E R.
The proportionality constant between the intensities Is and IaS, and energy ER, is related to the Raman scattering cross-section and is mode dependent. To eliminate this mode dependent quantity, the Fig. 14) . In addition we assume that the interaction matrix element between the doubly excited combination state Nil and lltk Wij,k Illtij* W litk d3x, (7) with W the interaction operator, is nonzero. The actual energy levels E'= h v, with v v q, v k, of these interacting states will then be determined by the secular equation 0. (8) The wavefunctions of the interacting states will be superpositions of the original wavefunctions, V'ij a Vk + b vij (9) W'k C 'k + d wij (10) where the transformation matrix with coefficients a, b, c and d is unitary. These two equations show the effect of Fermi resonances on the intensities of the two transitions: the peak corresponding to the inherently weak combination mode gij grows considerably because it 'borrows' intensity from the wavefunction of the fundamental mode k, while at the same time the intensity of the fundamental is reduced. Clearly, in high resolution spectroscopy the displacement of the line positions and the redistribution of line intensifies between interacting combination and fundamental modes can be misleading.
In the present experiment, however, the situation is quite different 22 This can also be seen in Fig. 10 which shows that the normalized anti-Stokes signals are essentially independent of the sample gas pressure. This confirms that collisions play no role in the observed increase in Raman signal. Fluence dependence. The intramolecular vibrational energy distribution after infrared multiphoton excitation depends on the excitation region, which in turn is determined by the infrared pumping intensity. At low fluence the energy is essentially confined to the pumping mode, just as in ordinary one photon spectroscopy (region I). In this case the energy of other modes does not change after excitation, and the Raman signals from these modes simply reflect the thermal population of these modes. At higher fluences the molecule may absorb many infrared photons. In this high excitation region the vibrational modes are strongly coupled, and the nonresonant modes also acquire energy during the excitation (region II). At even higher pumping fluence, dissociation of the molecules occurs (region III). Dissociation fragments, which also contain information on the intramolecular vibrational energy distribution, have been studied by many groups.ll, [31] [32] [33] Except for the fluorescence spectrum of infrared multiphoton dissociated CF2C12 all the experiments discussed in this paper were done in region II. Figure 10 shows the infrared fluence dependence of infrared multi- In contrast to the nearly linear fluence dependence of SF6, CF2C12
shows an exponential dependence. As shown in Fig. 11 show that the signal intensities after infrared multiphoton excitation cannot be described by the above expression. Especially the normalized intensity of the pumped vibrational mode at 923 cm -1 is considerably higher than the corresponding intensities of the other two modes: at all fluences most of the energy remains in the pumped mode. In addition, as is clear from Fig. 11 the rate of increase is different for the three modes. From this figure and the data in Table II , it appears that there is a stronger coupling of the pump mode with the 1098cm -1 mode than with the less energetic 667 cm -1 mode, notably at the high fluence end. Note also that although the intensities of the anti-Stokes signals increase significantly between 1.5 and 2.4 x 104 J/m2, the intensity ratio does not change much. This rules out the possibility that the observed nonequilibrium distribution is a result of averaging a 'hot' equilibrium ensemble and a 'cold' bottlenecked ensemble, since the ratio would change as the fraction of molecules in the hot ensemble becomes larger with increasing fluence. Adding up the energy content of the three modes for CF2C12 from Table II , it appears that a complete randomization of energy only occurs above 10,000 cm -1 of excitation.
One expects collisions to relax the nonequilibrium energy distribution induced by the infrared multiphoton excitation. Even though the decay times of the anti-Stokes signals shown in Fig. 8 are unequal, it is not possible to draw any quantitative conclusions from these data because the signals drop below the noise level before equilibrium is reached. When buffer gas is added, the collision rate increases and the energy distribution should reach equilibrium more quickly. The intensity ratios shown in Fig. 12 indeed tend toward equilibrium with increasing buffer gas pressure. Figure  10 , assuming thermal equilibrium between all vibrational modes immediately after the infrared multiphoton excitation. The solid lines are the average number of infrared photons obtained from photoacoustic measurements.
molecules. Therefore the unimolecular dissociation rate of infrared multiphoton excited CF2C12 must be much smaller than the excitation rate.
Conclusion
This paper presents time-resolved Raman spectra of infrared multiphoton excited molecules. 
